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Preface 

In  this  thesis  I  have  attempted  to  present  the  reader 
with  an  easily  understood  report  on  the  evaluation  of  per¬ 
formance  of  a  two  dimensional  supersonic  nozzle. 

I  wish  to  acknowledge  my  indebtedness  to  my  advisor, 
Dr.  A.J.  Shine,  Head  of  the  Mechanical  Engineering  Depart¬ 
ment,  for  his  valuable  advice  and  patient  encouragement 
throughout  the  course  of  this  study.  I  also  want  to  thank 
my  wife  for  her  help  in  preparation  of  the  many  graphs  and 
for  typing  the  complete  thesis  and  my  daughter  for  her  ex¬ 
ceptionally  good  behavior  during  the  preparation  of  this 
thesis. 
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Abstract 


This  study  Is  an  experimental  evaluation  of  the  perfor¬ 
mance  of  12  two-dimensional,  converging-diverging,  cold  flow, 
supersonic  nozzles,  each  with  a  different  inlet  contour  but 
with  the  same  throat  and  divergent  section.  The  relative 
efficiency  of  each  nozzle  was  evaluated  by  a  comparison  of 
total  pressure  measurements  taken  in  the  exit  plane,  schlieren 
photographs  of  the  flow,  and  heat  transfer  characteristics 
using  moire1  patterns.  The  nozzle  with  the  highest  efficiency 
had  an  inlet  which  was  an  ellipse  faired  to  a  45°  ramp.  Its 
performance  was  closely  followed  by  that  of  a  nozzle  with  a 
circular  arc  inlet  having  a  radius  of  three  times  the  throat 
height.  The  three  nozzles  with  the  lowest  efficiencies  were 
those  with  30°,  45°,  and  60°  linear  ramp  inlets,  respectively. 
The  results  of  this  study  indicate  that,  in  nozzle  inlet  de¬ 
sign,  a  region  of  immense  importance  is  the  curvature  Just 
prior  to  the  throat  and  hew  this  curvature  is  Joined  to  the 
throat  section. 
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I.  Introduction 


With  the  extensive  use  of  supersonic  nozzles  In  rockets 
and  aircraft  since  the  end  of  World  War  II,  much  research  has 
been  concentrated  on  improving  nozzle  performance.  Although 
improvements  in  nozzle  design  have  increased  nozzle  efficien¬ 
cy,  the  resulting  nozzles  are  long  and  therefore  heavy.  Re¬ 
ports  and  experiments  (Ref  1,2,5)  have  suggested  that  the  in¬ 
let  contour  of  a  supersonic  nozzle  has  a  strong  influence  on 
the  heat  transfer  in  the  throat  and  on  the  flow  in  the  diver¬ 
gent  section.  It  is  theorized  that  with  the  proper  inlet 
contour,  very  short,  high  expansion,  and  highly  efficient 
nozzles  may  be  developed. 

This  thesis  was  an  endeavor  to  experimentally  determine 
the  performance  of  12  two-dimensional,  converging-diverging, 
cold  flow,  supersonic  nozzles,  each  with  a  different  inlet 
contour  but  with  the  same  throat  and  divergent  section.  The 
ratio  of  the  inlet  length  to  divergent  section  length  varied 
from  0.4  to  2.8  for  the  12  inlets  studied.  Determination  of 
the  relative  efficiency  of  each  nozzle  was  accomplished  by 
comparison  of  total  pressure  measurements  taken  in  the  nozzle 
exit  plane,  schlieren  photographs  of  the  flow,  and  heat  trans¬ 
fer  characteristics  determined  using  a  moire*  optical  system 
(Ref  3). 
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II*  Apparatus  and  Procedures 

The  experimental  apparatus  consisted  of  a  nozzle  body, 
in  which  each  of  the  12  different  inlet  contours  were  instal¬ 
led;  pressure  measuring  equipment;  and  schlieren  and  moire* 
flow  visualization  systems.  A  brief  description  of  each  and 
its  use  in  the  study  is  given  below,  and  further  details  with 
detail  drawings  may  be  found  in  appendix  C.  A  schematic  and 
a  photograph  of  the  entire  experimental  apparatus  are  shown 
in  fig  6  &  7. 

Nozzle  Body  and  Inlet  Contours 

The  nozzle  body  and  inlet  contours  were  machined  from 
15/16  in  thick  plexiglass  and  mounted  in  an  aluminum  frame  as 
shown  in  fig  1.  The  nozzle 
body  was  designed  using  one- 
dimensional  isentropic  rela¬ 
tions  (Ref  4)  for  a  pressure 
ratio  of  Pa/P0  =  0.156 
(M  =  1.87)  with  an  area  cor- 
re^uion  of  5%  at  the  exit  for 
the  boundary  layer.  With  a 
throat  height  of  0.5  in  and 
an  exit  opening  of  0.8  in,  the 
15/16  in  thick  nozzle  walls 
minimized  the  corner  and  side 

wall  effects  to  create  a  good  two  dimensional  flow. 


Fig  1  Photograph 
of  Test  Section 
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The  removeable  glass  windows  permitted  schlieren  and  moire' 
photographs  to  be  taken  of  the  flow  and  also  provided  access 
for  changing  the  inlet  sections. 

The  12  different  inlet  contours  used  in  the  study  are 
shown  in  fig  2. 


15°  ramp 

arc  of  radius  5h* 

30°  ramp 

arc  of  radius  3h* 

<& 

45°  ramp 

arc  of  radius  h* 

60°  ramp 

y  s  e1  (short) 

hyperbolic  spiral 

y  =  ex  (long) 

/MW 

faired  ellipse 

M  as  kX 

Fig  2  Nozzle  Inlet  Contours 
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tig  3  Traverse  Mechanism 


Pressure  Measuring  Equipment 

The  traverse  mechanism, 
shown  In  fig  3,  Is  a  simple 
crank  and  sorew  apparatus 
used  to  position  the  pres¬ 
sure  sensing  hole  of  either 
the  total  or  static  pressure 
probe.  An  Indicator  on  a 
graduated  scale  shows  the 
position  of  the  hole  relative  to  some  point  in  the  nozzle. 

The  total  pressure  probe  shown  in  fig  4,  is  a  0.036-in- 
diameter  stainless  steel  tube  with  a  0.01 3- in-diameter  hole 
to  sense  the  total  pressure  in  the  exit  plane.  Attached  on 
either  side  of  the  pressure  sensing  hole  are  two  brass  bars 
which  slide  in  teflon  guide  blocks  as  shown  in  fig  5. 

The  brass  bars 
prevent  the  tube  from 
twisting  thus  keeping 
the  pressure  sensing 
hole  always  facing 
into  the  flow.  The 
teflon  guide  blocks 
are  slotted  to  allow 


Fig  4  Total  Pressure  Probe 


the  probe  to  be  placed  in  three  different  transverse  posi¬ 
tions  in  the  exit  plane.  One  transverse  position  is  on  the 
nozzle  centerline  with  the  other  two  located  9/32  in  on  either 
side  of  the  centerline.  With  the  traversing  mechanism  the 
pressure  sensing  hole  was  moved  across  the  nozzle  exit  plane. 
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The  static  pressure  probe  is  a  0.040- in-diameter  stain¬ 
less  steel  tube  with  a  0.0 13- in-diameter  pressure  sensing 
hole.  The  probe  was  positioned  along  the  nozzle  axis  as 
shown  in  fig  6.  Two  metal  guides  kept  it  centered  on  the 
nozzle  axis  at  all  times  and  the  pressure  sensing  hole  could 
be  positioned  anywhere  along  the  axis  using  the  traversing 
mechanism. 

A  schematic  and  photograph  of  the  complete  pressure 
measuring  system  are  shown  in  figs  6  &  7. 

Flow  Visualization  Systems 

A  schlieren  optical  system,  fig  8,  was  used  to  obtain 
photographs  of  the  flow  at  various  pressure  ratios  with  a 
Polaroid  camera  using  ASA  3000  film  and  0.5  millisecond 
spark  lamp. 
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Fig  7  Experimental  Apparatus  and  Equipment 
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A  typical  schlieren  photo¬ 
graph  of  the  flow  is  shown 
in  fig  9  and  additional 
photographs  of  each  nozzle, 
taken  at  six  different 
pressure  ratios,  are 
included  in  appendix  A. 

The  moire*  optical 
system  was  set  up  by  in¬ 
stalling  two,  200  line  per 
in#  diffraction  gratings 
in  the  schlieren  parallel 
light  path  and  removing 
the  knife  edge.  A  zirconium  light  source  with  a  yellow 
filter  was  used  in  conjunction  with  a  Polaroid  camera  and 
ASA  200  film  at  a  1/40  sec  shutter  speed  to  obtain  photo¬ 
graphs  of  the  moire*  patterns.  A  typical  moire*  pattern  is 
shown  in  fig  10  and  one  for  each  nozzle  at  the  design 
pressure  ratio  (Pa/Poc  =  O.156)  may  be  found  in  appendix  A. 


Fig  9  Typical  Schlieren 
Photograph  of  the  Plow 
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Fig  10  Typical  Moire* 
Pattern 
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III.  Results  and  Discussion 

Typical  graphs  of  the  pressure  data  are  shown  In  fig  11. 
Graphs  of  all  the  pressure  measurements  may  be  found  In  ap¬ 
pendix  B.  In  addition,  the  static  and  total  pressures  were 
non-dimens lonallzed  by  dividing  by  the  chamber  total  pressure 
Poc.  These  non-dimensional  values  were  then  plotted  versus 
distance  along  the  nozzle  axis  and  distance  across  the  nozzle 
exit,  respectively.  Fig  12  and  13  are  graphs  of  the  nozzles 
with  the  highest  and  lowest  efficiency  superimposed  on  the  data 
of  the  other  nozzles  to  allow  a  comparison.  The  sharp  dip  in 
the  curve  of  the  least  efficient  nozzle  is  due  to  the  presence 
of  shock  waves. 

Comparison  of  Total  Pressure  Measurements 

As  shown  in  fig  14,  a  shock  wave  was  present  in  front  of 
the  total  pressure  probe.  The  shock  wave  was  located  in,  or 
very  nearly  in,  the  exit  plane  for  each  operation  due  to  a 
slight  raising  of  the  probe  by  the  momentum  of  the  flow.  To 
correct  the  pressure  readings  for  the  presence  of  the  shock 
wave,  the  readings  were  assumed  to  have  been  taken  downstream 
of  a  normal  shock.  (The  small  size  of  the  pressure  sensing 
hole  supports  this  assumption. ) 

For  each  nozzle  17  total  pressure  readings  were  taken 
across  the  exit  plane  (0.05  In  apart)  at  each  transverse 
position  of  the  probe  as  shown  in  fig  15 . 
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Fig  14  Shadowgraph  Showing 
Shock  Wave  In  Front  of  the 
Probe  a) Shock  Wave  b) Probe 


Fig  15  Nozzle  Exit  Plane 


An  arithmetic  average  of  the  readings  for  each  nozzle  was  cal¬ 
culated  excluding  the  first  and  last  two  readings  for  all 
three  transverse  positions  of  the  probe.  The  excluded  read¬ 
ings  were  obtained  near  the  wall' of  the  nozzle  and  their 
integrity  is  doubtful  since  the  pressure  sensing  hole  may  heive 
been  partially  blocked  by  the  wall.  By  measuring  the  angle  of 
the  Mach  lines  at  the  exit  plane  on  the  schlieren  photographs, 
it  was  possible  to  determine  the  centerline  Mach  number  using 
M  =  1/sln  0.  Two  readings  of  Q  were  taken  (one  each  from  a 
left  and  right  wave)  and  averaged  to  obtain  the  exit  Mach 
number  for  each  nozzle.  The  values  of  M  obtained  varied  from 
a  low  of  1.75  to  a  high  of  I.96  or  approximently  t  6 %  of 
^design*  The  angle  0  had  a  strong  effect  on  the  value  of  the 
Mach  number  and  was  difficult  to  measure  accurately. 
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Therefore,  an  arithmetic  average  of  the  Mach  numbers  obtained 
from  all  of  the  photographs  was  used  to  correct  for  the  PQ 
drop  across  the  shock  wave  in  front  of  the  probe.  This  aver¬ 
age  Mach  number,  Mavg  =  1.85*  was  0.02  less  than  the  design 
Mach  number,  M&eslgn  =  1.87.  Mavg  and  the  average  measured 
total  pressure  for  each  nozzle  were  then  used  to  determine 
the  total  pressure  Pol  in  front  of  the  shock  wave  using  the 
Gas  Tables  (Ref4)r 

Because  of  the  inaccuracies  inherent  in  the  calculation 
of  the  exit  Mach  number,  the  relative  values  of  P0  upstream 
and  downstream  of  the  shock  were  compared  to  observe  any  pos¬ 
sible  inconsistencies  between  th^m.  The  P0  values  were  first 
non-dimensionallzed  by  dividing  each  by  the  atmospheric  pres¬ 
sure.  This  permitted  more  accurate  comparison  because  the 
tests  were  conducted  at  Poc  values  such  that  Pa/P0  =  0.^56. 

A  comparison  of  the  two  sets  of  values  is  presented  in  Table  I 
and  it  is  seen  that  the  two  sets  of  values  agree  with  each 
other.  Three  significant  figures  were  maintained  throughout 
but  a  fourth  significant  figure  had  to  be  used  to  determine 
the  order  of  the  nozzles  with  regard  to  efficiency.  The  ef¬ 
ficiencies  of  the  first  three  nozzles  were  much  closer  to 
each  other  than  that  of  the  last  three;  this  comparison  is 
also  shown  by  a  graph  of  these  six  in  fig  16, 


13 


GAfc/ME/69-11 


14 


gak/me/69-11 


Table  I  Performance  Ratings  Based  on  Total  Pressure 


Inlet 

Pol/1*- 

(1)  faired  ellipse 

4.94 

6.19 

(2)  arc  of  radius  3h* 

4.93 

6.18 

(3)  y  =  e1  (short) 

4.92 

6.17 

(4)  M  =  kx 

4.92 

6.17 

(5)  hyperbolic  spiral 

4.92 

6.17 

(6)  y  =  ex  (long) 

4.92 

6.17 

(?)  arc  of  radius  5h* 

4.92 

6.17 

(8)  15°  ramp 

4.91 

6.16 

(9)  arc  of  radius  h* 

4.90 

6.14 

(10)  30°  ramp 

4.84 

6.07 

(11)  45°  ramp 

4.71 

5.91 

(12)  60°  ramp 

4.54 

5.69 

Examination  of  the  Schlleren  Photographs 

Performance  comparisons  ftr  the  twelve  different  nozzles 
using  the  schlleren  photographs  were  more  difficult  to  deter¬ 
mine  than  from  the  pressure  measurements  because  the  flow  pat¬ 
terns  in  some  of  the  nozzles  were  qu^te  similar.  The  number 
and  strength  of  the  shock  waves  present  in  the  nozzle  were 
used  as  determining  factors  of  performance  in  those  configur¬ 
ations  which  had  shock  waves.  The  larger  the  visible  density 
gradient  through  a  shock  wave,  the  lower  the  performance  rat¬ 
ing  that  was  assigned  to  a  given  nozzle. 
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The  interaction  of  the  shock  waves  with  the  boundary  lay¬ 
er  created  turbulence  along  the  nozzle  wall  and  this  phenom¬ 
enon  (or  lack  of  it)  was  also  used,  in  addition  to  the  shock 
waves,  as  a  performance  criterion.  The  Mach  angle  Q  and  the 
lip  shock  angle  Q*  were  also  used  to  estimate  performance  of 
the  various  nozzles,  the  larger  the  angle  the  lower  the  Mach 
number  and  therefore  the  lower  the  efficiency.  The  performance 
ratings  using  the  above  criterion  are  presented  in  Table  II. 

The  relative  efficiency  of  each  nozzle  is  not  identical  using 
each  of  the  above  methods  of  extimating  performance,  except 
in  a  few  instances,  as  is  readily  noted  In  the  table.  This 
is  due  to,  as  mentioned  earlier,  the  difficulty  of  determin¬ 
ing  performance  because  of  similarity  of  some  of  the  flow  pat¬ 
terns  as  well  as  difficulty  in  accurately  measuring  0  and  ©* 
from  the  photographs. 

The  most  interesting  result  of  the  schlieren  photography 
was  the  apparent  contact  surface  evident  in  the  photographs 


of  the  nozzle  with  the  inlet 
having  an  arc  of  radius  h*  as 
shown  in  fig  1?.  The  contact 
surface  implies  that  the  main 
stream  of  the  flow  is  separ¬ 
ated  from  the  nozzle  wall  by 
a  cooler,  more  dense  layer 


of  air. 


Fig  1?  Photograph  of 
the  Contact  Surface 
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Table  II  Other  Methods  of  Hating  Nozzle  Performance 


Inlet 

Shocks 

Q 

0 

arc  of  radius  3h* 

1 

10 

8 

y  =  ex  (short) 

2 

3 

7 

is 

it 

& 

3 

6 

3 

hyperbolic  spiral 

4 

8 

5 

y  =  ex  (long) 

5 

5  . 

9 

arc  of  radius  5h* 

6 

1 

2 

faired  ellipse 

7 

4 

1 

arc  of  radius  h* 

8 

7 

6 

15°  ramp 

9 

2 

4 

30°  ramp 

10 

9 

10 

45°  ramp 

11 

11 

11 

60°  ramp 

12 

12 

12 

Examination  of  the  Moire  *  Patterns 

The  analysis  of  the  moire'  patterns  was  performed  by 
Jones  (Ref  3)  and  only  the  applicable  results  will  be  pre¬ 
sented  here.  Heat  transfer  Is  most  critical  in  the  nozzle 
throat,  and  the  method  used  to  rate  the  various  nozzles  was 
to  measure  the  density  gradient  at  the  nozzle  wall  in  the 
throat  from  the  moire1  patterns.  The  density  gradients  were 

then  used  with  values  of  measured  static  pressure,  to  calcu- 

\ 

late  the  corresponding  temperature  gradients.  The  nozzle 

i 

with  the  smallest  temperature  gradient  was  rated  as  best. 
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The  order  of  the  inlets  rated  by  this  method  was  then  com¬ 
pared  to  the  order  obtained  using  the  total  pressure  measur- 
ments;  the  results  are  presented  in  Table  III. 

Table  III  Performance  Ratings  Based  on  Exit  Total 
Pressure  and  Throat  Temperature  Gradient 


Inlet 

Po2/*V 

pol/pa 

Throat 

dT/dy 

faired  ellipse 

4.94 

6.19 

380 

arc  of  radius  Jh* 

4.93 

6.18 

500 

y  =  ex  (short) 

4.92 

6.17 

540 

M  =  kx 

4.92 

6.17 

660 

hyperbolic  spiral 

4.92 

6.17 

560 

y  =  ex  (long) 

4.92 

6.17 

560 

arc  of  radius  5h* 

4.92 

6.17 

740 

15°  ramp 

4.91 

6.16 

560 

arc  of  radius  h* 

4.90 

6.14 

720 

30°  ramp 

4.84 

6.07 

880 

45°  ramp 

4.?1 

5.91 

1500 

60°  ramp 

4.54 

5.69 

1660 

In  all  three  columns  the  three  least  efficient  nozzles 
and  the  three  most  efficient  nozzles  are  the  same  and  in  th« 
same  relative  order.  'This  is  extremely  encouraging  since 
using  the  moire1  patterns  to  determine  performance  was  en¬ 
tirely  independent  of  using  the  total  pressure  measurements. 
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IV*  Conclusions  and  Re  oommendat Ions 

From  the  results  of  this  study  the  following  conclusions 
may  Le  drawn: 

1.  Of  the  12  nozzle  Inlets  tested  the  45°  ramp  faired 
to  the  throat  with  an  ellipse  was  the  most  efficient*  It  re¬ 
sulted  In  a  total  pressure  loss  of  5*  $5  In  Hg  while  the  least 
efficient  inlet,  a  60°  ramp,  resulted  in  a  14.5  in  Hg  loss. 

The  average  ?0  loss  for  all  the  inlets  was  9.0  in  Hg. 

2.  Matching  the  curvature  of  the  inlet  to  the  throat 
geometry  is  of  extreme  importance  as  can  be  noted  by  a  com¬ 
parison  of  the  results  of  the  nozzle  with  the  45°  ramp  inlet 
(11),  to  that  of  the  nozzle  with  a  45°  ramp  faired  to  an  el¬ 
lipse  (1). 

3.  Several  of  the  nozzle  inlet  designs  tested  have  nearly 
the  same  efficiency.  This  is  due  to  trade-offs  between  the 
losses  created  by  differences  in  the  inlet  lengths  and  the 
losses  due  to  changing  the  direction  of  the  flow  more  rapidly. 

4.  The  design  of  a  nozzle  inlet  with  high  efficiency  re¬ 
quires  extreme  care  to  insure  smooth  turning  of  the  flow. 

5.  Determination  of  relative  nozzle  efficiency  using 
heat  transfer  rates  obtained  from  moire*  patterns  is  in  good 
agreement  with  that  obtained  by  measuring  the  total  pressure 
losses  in  the  nozzle.  This  is  significant  because  the  use  of 
moire*  patterns  does  not  disturb  the  flow  as  probes  do. 

6.  By  proper  design  of  the  nozzle  inlet  a  contact  sur¬ 
face  can  be  generated  which  may  prove  to  aid  in  inlet  design. 
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This  would  be  accomplished  by  creating  a  layer  of  cooler*  moie 
dense  air  next  to  the  nozzle  wall  thereby  insulating  the  noz¬ 
zle  throat  from  hot  gases  in  the  mainstream  of  the  flow. 

The  recommendations  arising  out  of  the  course  of  this 
study  are: 

1.  Further  study  of  the  nozzles  with  inlets  which  had 
high  efficiency  and  variations  of  these  inlets,  should  be 
performed  to  examine  the  effect  of  changing  parameters  such 
as  the  inlet  to  divergent  section  lengths.  Also  the  maximum 
possible  expansion  for  a  given  inlet  could  be  determined  by 
varying  the  divergence  angle  and  observing  separation  phenom¬ 
ena. 

2.  Determination  of  heat  transfer  rates  by  more  accurate 
methods  then  using  moire*  patterns  is  recommended.  One  method 
is  currently  available  which  consists  of  applying  very  thin 
platinum  heat  transfer  gages  to  a  thin  piece  of  pyrex  glass 
which  is  formed  to  take  the  shape  of  the  nozzle. 

3.  Additional  study  of  a  nozzle  with  inlets  similar  to 
the  one  with  an  arc  of  radius  h*,  using  an  interferometer  to 
determine  if  a  strong  eontpet  surface  exists  and  how  it  is 
produced,  could  prove  to  be  very  important  in  future  nozzle 
design. 
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Photographs  of  Flow  Patterns 
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(1)  faired  ellipse  l2 '  arc  of  radius  3h* 


(5^  hyperbolic  spiral 


(6)  y  =  e*  (long) 


Schlieren  Pictures  of  Various  Nozzles  at  Pa/Po  =  0.667 
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Schlieren  Pictures  of  Various  Nozzles  at  Pa/Po  =  0,667 


ganA^/69-ii 


(1)  faired  ellipse 


(2)  arc  of  radius  3h* 


Schlieren  Pictures  of  Various  Nozzles  at  Pa/Po  =  0  20 

Pig  A-3 


=  ex  (long) 
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(5)  hyperbolic  spiral  (6)  y  =  ex  (long) 


Schlieren  Pictures  of  Various  Nozzles  at  Pa/Po  =  0.17 

Fig  A- 5 
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ere  of  radius  5k* 


15°  ramp 


(9)  arc  of  radius  h* 


ww 

.  >: 


ramp 
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Schlieren  Pictures  of  Various  Nozzles  at  Pa/P0  »  0.16 

Pig  A- 7 


(5)  hyperbolic  spiral 


(3)  y  =  ex  (short) 


I 
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(?)  arc  of  radius  5b* 


(0)  arc  of  radius  h* 


(10)  30°  ramp 


(11)  4-5°  ramp 


(12)  60°  ramp 


Schlieren  Pictures  of  Various  Nozzles  at  Pa/Po  =0.16 


Pig  A- 8 
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(5)  hyperbolic  spiral 


Schlieren  Pictures  of  Various  Nozzles  at  Pa/P0  =*  0,156 


Fig  A- 9 
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(7)  arc  of  radius  5h* 


(9)  arc  of  radius  h* 


(11)  45°  ramp 


(8)  150  ramp 


(10)  30°  ramp 


(12)  6Cr  ramp 


Schlieren  Pictures  of  Various  Nozzles  at  Pa/P0  =  O.I56 

Fig  A-10 
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(9)  arc  of  radius  h* 


(12)  60°  ramp 


45°  ramp 


Sohlieren  Pictures  of  Various  Nozzle 
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I, 


1 


(9)  arc  of  redius  h* 


(10)  3QO  ramp 


(11)  45°  ramp 


•12)  60°  ramp 


Moire1  Patterns  for  Various  Inlet  Contours  at  =  O.156 

Fig  A-14 
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Graphs  Experimental  Data 


GAM/ta/69-11 


1  iliissH! 

I 


,  JSgL 

1  *33331131 

jiHiiiii 

•••!• H 

|ii|i :i:l 

mm 

sitnitl 
#•*•••■ 

HU!: 

iiii 

iip11 

igiiiiiili! . 


ililiiiiigsiii 


SliiilJ 

§  g  g  lipiii 

mmm 

Aftp,  IMlIMiiS 


§2 

m 

HE 


HHH 

i 

jM 

|I::i 

If  i  m 

tiM 

f  t  iff 

ft  T  it 

t| . :  ii 

tlMl 

iiilli  ill 

j  f% 

o  o  o 


Si} 

;  ri  j  t  !*"*♦ 
itilH  tin 


I* 

Ill 

m  rt!i  lb 


...  iSZSIS 

Uiliiisssa???::! 


_ 

::::: 


uHi  „ 

if!  Mm 

Sill 

■  pi 

|iii 

PI 

tit?  I 
HU)  i 

Inin)}  to 

iiiliiSi 

o 

o 

O 

O 

O 

C 

O 

3 

O 

o 

x> 

vO 

CM 

C 

GO 

CM 

H 

H 

H 

H 

H 

(sqs  9 h  uf)  J 


I  33333 3333333333 (SSSSSSSSi L 

1 :::::::::: 

1  •••••■  •■■•»««a*a*av«a«<i««aai«aai»«faat 
I  a»aaaaaiiaaaaaaMMi»«i«MaiHiaaaiaai 

*  - »•»■•■--- - 


PHPMMIVMPMHVMIVIMIacataaillVI 

I  iilM<a**«>il<<'MaataaMMUaiaaimi| 

I  f»iiM«M<«MMiiaMaaafaiialtaaaaai«ai| 

I  imit  MislaaiN  aiti 

I  »«•••  laiaaaaaaiaaaaaiaaMiaiataaiaaialVP^^VVVi 

pHiis 

Ella 

|p!| 

II 


H  CXI  cO 

d  fl  d 

o  o  o 

•H  -H  -H 
•P  -P  -P 
•H  *H  -H 
CO  TO  CQ 

o  o  o 

Pi  Ph 


j  ODO 


sjj^ 


■mmm 


o 

o 

O 

CO 

8 

O 

8 

O 

O 

CM 

H 

H 

H 

H 

H 

g  s 


(squ  2h  «t)  a 


38 


Fig  B~ 


H  cm  m 


•iitMMIIIMIHHMlUMMMItMUIMItHIMHUMtlMM'- 
ia»»r 

•til*  ••StHMaiMiri 

KlUMIHIMHaMHIliiil 

•  (llkHOMfillMinHIW...^.. - — -  ... - - — ... - - - ..... - - - — - v - 

- Maaaa*  aaaaaaaaaaaaiaaataa  •  ■aaaiaaaaaaaaaaavaaa  aaaaaaaaa*4aaaaaaaaa»< 

laaamnaiaHaaMMuaUMnimMaaa  a lataaiaaaa HaaaaHU 

iMaaa««iataMf HMilMMNaaa aataiiaa  aaa«Ni»taa»tia«»iaaa anaaaia«aaaaNt«MMti««auH»aaaaaaaaaai 
laataNaaaiaaaaMattifaMaaaaaaaaami  <•••••*•#  *•••••  ai  a*  •••#•«*•  §•«••••»«*  a*aa»*4a  ••••*•»  ■ 

»aaMaa»aaaaaaaa?iiaaaaHOaaMaM«tH  *  iaiaaaaaaaaaiaaaaaaa  aaaaaaMiaaaaaaimaaaamiiaaaaaaaataaaai 

- jaaaaaatfaaHMMMfHMaMBMaaaaaaa  *  aaaaanaaiaMa*aMtkMaata»aMHiM«faatMa«aaaMatacaaaaaM< 

aaaaaaaHaa«a«a*tHaa««atiaHa«aaa)aaaa4aii  MaiaMi«*aaaiaaaMauaaaaaaiaMaaaaaaaaaMa4«aaiaaaaataaaaaaa«i 

aawaa»uaaaata« _ _  _ _ ... _ _ 

itaaiMBaiaialMNaMaaaMaaaaaMauaaaaa.  f.iaaaaaaaaaMaaoaaataaMd 
•••••••••••ataa c  ie  ##aoe«jrn ■>»»••  *■•#■#»  aaiaaiaMaaiaviiilauiaiiifl 

aaaia>a>»aatmaaa*|tt|ifuaaaaa»ajj  laaalia  a» «*«ia a***a aa««a aaaaa  *aaag 

,'t»«Maa^ 

jjjjjjffl 

aa—aaaaj 
•raai 

k:e 

— _ 

•HMiaal 
IMIMWl 
kaaiaaaal 
taaaaaaai 
•  •••a  aaai 
■  aaiaaiaal 
•ftaa 

••#•*•■•«« w< 

aatHiaaaaaai — .... 
aaaaaakaaaBiMimi 

■  aaaaa»aa»la«aaaaai........ . .  .......................... 

aaaaaMaaaaaaaitaaaaaaaaaaaaaaaaMMMHi  iiiMaiiaunaaa*iia«»it«il 
~  ^jaiaaaaa*aMMa»aiaaaaiaa»aa«>aaiaaaai  laaaaaataaaaaiaMiaaaaaatti 
MiaaaaaaaaiMaalaaaaa naiaimiHiain  a|iaaaa«aaiaaaaaliaa*itaafl 
ii«uaaaaiaiaitMi»iMtitiMaMiiMiiMi  tiiaMiimiiMinaiNiaiil 
iiiaaaattaMMaaaiaaata  aaaaaia«a<iM*caa>  aiaaaiaaaaaiaaia^taaaaiaMtfl 
laaafaaiaaariaaaaiatiaaaavaaaiaataaiaaai  MtraaiMffiiaialiatiiaaad 
- i«a  »j*iMam»Ma*»»»»»  m«Mia»n*Mii  iiMaMixiiiiMiiMaaaaai 

IMaaa»iaMiaaaaa«t*aa«atMaaiaaaai«(Uaaaai  ta  ybaaaaaaaa aaaaa aaaaa aaaaa 
aanHaatMaait  MiaaiMBi*iitiiM»aitM«aai  MiaiiiMMittaMMianltiai] 

iaaaa  aaaaa  aaaaa  atiaaittM  aana aaaaa  a aaaa  >aa  « a  aaaaa  Maaa  ai«.»anaw  ai - 

•aaaa  aliaaaaaaa  aactaaMta  aaaaa  aat  ta  aaiMM  ^aaaiaaaaaraaaaaHiaiai 

I  aaaaa  •••■•■aaaiaaaaMaaaiiaaaaiMaa  iinaai  ,  (aaaacaiaaaaaaaaaaaaaiaai 
aiiNaaam  a  a  »  a  tM»MaiMiiiai*iMii«iiaaaa  a  aaaaaa«Ba#iaa»«|aMaiaai 
9«®»»  aa  >•«»«  «  •inaiMixxunaaaaaaai 

•iMajaaiaa  aksa  ■•■••aaiaa  aaif  aaaaak  ar - - - - -  - 

••••••••»•  aaiaa^aar  -  - 

laaaai 

...  .  .  _ 

aa*a4  iif  «■ 

- jaaaaiaauaaaaaaafaaaaaBaalaiaaaaaiaaaMilf 

. . . ................. . . . . . . 

aMaiHataiaaaaaaejiiaailaataiiaHiMBataaaaaa'  MalaaaiBaaiauBaaaaaanaaaaMMaaaaiaaaaaaaaaa»iaaa»aia»aiBBaaaaia| 
M|«a  aiaaaaaaaauaaataaaaiataataaiataaaaaaaaa.  *  <aaaaai  MMMiaMkaaaaaaaMiaaii  laaaataaifaaaMOMaaaaaaaaHiliaaaa  I 
— « - - - iiaiiiiaiHiiMftaiftiM.  iaaaa  aaaaa  aaaa* apaaa* aaaa  i  aaaaaaaaf  f**aa aaaaa aaaa* aaaaa  aaaaa  aaaaa  | 


SO  o  o  o 

«*■  CVJ  O  CO 

H  H  H  H 


a  c  0 
o  o  o 

•H  -H  *H 
<P  P  *P 
•H  *H  -H 
(D  <D  CD 
O  O  O 
Pi  Pi  P< 


o  □  O 


(eqB  SH  uj)  4 


MM«iiikri«iai  iiaMitaaiaiataia aaavfaaaaaiaitaaaaiaaiaaaa**'*  ..  ..  _ 

aiMaaa«MBaaaMuaaaaMaivaiauMaMamai||aaaia«a>*  - - ....«at«ai 

•  ••■a aaM«aMafaaiaaaataiaaaiaBB«M ■•••••••** aaaaa  .«aauf«^;  . .. .••aaaaaaaataaaaMiiaaaaai 

■■■fiMiaaMiiaiiiiuiaHuoaaMiMMMihMMi*  4aa*V  xaaaaimiarBaaiaaaaaaiiB>aataaa«ai 

laaaaMaHaaMMiaiamHniMiiMaiaaaaaaaai  -  .aaaaaai - 5 - - - 

■laaaaaBfiaiaaaaaaaaaaaaaaaaaaaaaaiiaaaaaaaai'  a  'jeaaa»j* 

fiiiliaMiiBtaaiaaaMaaBMilialaiaaiaiaaiaii  .  .aaaaaaaaat  r» 


rilliiiiii:!f  !H  iiiHiSiil  iiiiUiiiiiiiD 


rMFtt+lUHiHH+Mf-L: 


H  CMm 

P  P  P 

o  o  o 

•H  *H  *H 
-P  P  -P 
•H  -H  *H 
(si  a  m 
o  o  o 
Pi  Pi  Pi 


|  O  D  O 


ii222i2iUi!2i22HH22ii2UliHi!222i2!!i2St.t3H!2H2iii2i2 


8  8 

CM  CM 


8  $ 
H  H 


o 

o 

CM 

o 

(sqn  Sh  *T)  a 


39 


Variation  of  Total  Pressure  Variation  of  Total  Pressure 

Across  Nozzle  Exit  Across  Nozzle  Exit 

FI g  B-2 


4 


CO  Cs*  H  H  H  H  H 


(sqB  Sh  Uf)  °d 


(sqe  Sh  ut)  °a 


40 


Exit  Acro8B  Nozzle  Exit 

Fig  B-3 


am/m/ 69-11 


Variation  of  Total  Pressure  Variation  of  Total  Pressure 

Across  Nozzle  Exit  Across  Nozzle  Exit 


GAM/ME/69-11 


42 


ozzle 


GAM/ME/69-11 


43 


Variation  of  Total  Pressure  Variation  of  Total  Pressure 

Across  Nozzle  Exit  Across  Nozzle  Exit 


GAM/MK/69-11 


gaj.:A*s/69-ii 


ia aaa aaaaaaa aaaaa aaaaa  IUM«*Ml 


NMiMai««i»la<M«f"ui(i«mni>MaaiMMMia«MiaaMaMiMM»>UMtaMMMaii«««u»Mt>»M>Mr'  •■taaaaaaaaaaiaa 
aaaaa •aiiiiaHiiAaMmi|ii«iiiMMMiiiMUiataaa«iiMMMat*ii(rtaMHMMa»Haa«M*MMU«iM'  laaaaaaaaaaaNaa 
aaiMaaBiaaaaMaualBaaaailiiaaaiaaaaaaaBMaataalaMaaaaaaaaaaaaaBiaaaaiataiiaaaavataaatlMaaM'  »•»••»•••••*»■»•■ 
Naaa  aaaaaaaaaa  aaaaaaatfaa  auatBiU 4«*a«  ***a  »aaaa«aa«a  aauiaa f  aaaaaaa  aaaaa  .  -  iaaaataaaaaaaaaaa 

aNaiaMat(MiiMNMUiMartmNaii^aaaiaaaBauamaaaaBaaiMMiaa|MiiiaaHaiM«aaaMiaaiu  aaaaaaaaaaaaaaaata 
ifaaaa«aaaa«iai  aa««aaaaaa  aaeaaaaaaa  k««Ma*aaaianaaaaaaaa«aaaaaaMaapaaaaaiMi«aiaMii«aai  **»*  aa aaa a aaa aaaaa a aaa k , 
aaaaa  aaaaaMaaa  aaMaaaaaaaaaiaaaaaaaaaaaaaaaa  uiaaima  aaaaa aaa»4aatfia aaaaa aaaaaaa  aaa  aaaaaaa  ■'  a  aaaaiaMaa^aaaaaaaaa 

aaaaaaiMaMaaa  aaaiaaIIIaaataaaaaaa^aaBaaaaaaa>lHaali*j!aaaMaa«*aa»aaaaata«aa»aiftiaaaaaaa>'  ^laaaaiaaiaiaaaaaaar - 

aaaaa  4aaaXa  aaaaa  aaaaaaaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaaaaaaa  aaaaa  aaaaa  aaaaaaaaaa  ••••  aaaaa  aa  aaaaa  a.  -  *a aaaaa aaaaa  aaaaai 
iaaaaaaMaaaa«aaMrfBauaaiaaa|aaMaBaa|aBBaaaaaaaia>a« •aaaiiamiaaaniiM  MmataiMaiM  «aa aaiaa aaaaa  •  i 

aa  aaa  aaaaa  aaaaa  aaaai  aaaaa  aaaaa  pa  aa  aaaaai  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  aaaaa  a  aaaaaaaaa  aaaaa  aaaaa  -  aaaaaaWaaaaaaaaaai 
aaaaa aa<||||||y||aaaa«aaa|aaftiaa»a aaaaa aaaaa aaaaa aaaaa aaaaa aaaaa aaa a aaaaai aaaaa aaaaa aar  -  aaaaa a aaa a aaaaa aaaaai 


[*%::: 


nuirsi 

aaaaa  ar3 


45 


Variation  of  Static  Pressure  Variation  of  Static  Pressure 

Along  Nozzle  Axis  Along  Nozzle  Axis 


GiM/ME/69-11 


L£Sa»s 


s»ss 


XSKSSRiSUiSniSSiffiSKSE 


HSSmhwhH 
iSfflSBmpaai 

KIWI— WMWW*»WH«mt>Wrt»l 


■<Wwu*w— »wnimiMw«'»wuii —wmtiwuwifiw  wwmmmmmii  »■■■»■■■  ■■■»■*»>■'  -  imb«i 

••••I  . . fMiMiHMuiHMBMiMiMntnaiHMniMiMfiaMwiifnaiunBWntHtt  -  aMW 

Mwiia>niiaiaim<n«*i  ■•■■■•aakaalhiaiaai  MaaaauaaaalMaaiaaaaaaaalMa  taMaaauaaiaMlia'  <aaaa» 


anaaif'a*  >aiM* 

nliiiHHuii: 


*•••■ • 


bsiHl 

iSt’x 

Inns 


:rHniHU*n:5HisHfil 

(•m  «*«»<•••«  «*»••««  i] 


1 0:Hr.S 

RaaaumaSuaaaaS]i>a!aaaa>a«aa!Saa*.(ajSai 


SSCi 


IBB 


rKs.Tg:;«r.Ba;^^a^as:yj:mtKK^^aB^a«,.;aassa:a.,iaflS5!sa 

iasiiillillllllilllil^^iiiii 
tsssBSsliii^lliiilis^illOl^sijsiP^liis^ag^sifeigyis 

liinillllllKllll  1  lllill 

Islisis^ilsHaKHj^^^sSssj^i^ijllhujiOjia-isSinlil 

B-OnL-ii  IP  i== =011=1:  l§  Hfii-IIOiliiSS 

|paa;§|jna^jri|g^qs!55aq;aa^iS!SSSiBB:qs>B8s5S55S;5!5Bs:Bi5 

PBriBqHBnHiai ' 

[iissrgsa^rasaianBaaaiSa^aaasISSasiag^ 


8  8 

CVJ  CVJ 


8  8 
H  H 


8  8 
H  H 


(sqs  §h  «T)  a 


46 


GAM/NL3/69-11 


o 

O 

o 

O 

O 

O 

O 

O 

s 

o 

CM 

o 

CO 

VO 

CM 

O 

CO 

CM 

CM 

H 

H 

H 

H 

H 

(sqB  Sr  «T)  B£ 


o 


CM 


O 


rn 


<n5 

K 


8 

CM 


o 

o 

O 

CO 

Q  O  O  O 

VO  CM  O 

80 

CM 

H 

H  H  H  H 

(sqa  2h  uf) 

Sd 

$ 


o 


o 

CM 


47 


Variation  of  Static  Pressure  Variation  of  Static  Pressure 

Along  Nozzle  Axis  Along  Nozzle  Axis 


3  AM AS/69 -11 


49 


Variation  of  Static  Pressure  Variation  of  Static  Pressure 

Along  Nozzle  Axis  Along  Nozzle  Axis 


GAM/to/  69-11 


50 


Temperature  Gradient  (°F/in)  Temperature  Gradient  (°F/in) 


I'-  ,  —  ^ 


GAM/K.E/69-ll 


Fig  3-14 
51 


Temperature  Gradient  (°P/in)  Temperature  Gradient  (  F/in) 


GAM/ME/69-11 


Pig  B-15 


GAM/ME/69-ll 


Appendix  C 


Detail  Drawings 


53 


HYPERBOLIC 


GM/ME/6  9-11 


Vita 

Gerald  Martin  Kulenburg  was  born 

[p||  Redacted] 

After  attending 

I^BBI  he  enlisted  in  the  Air  Force  in  January 
1956-  He  attended  Oklahoma  State  University  through  the 
Airman  Education  and  Commissioning  Program  and  in  January 
1967  recieved  a  Bachelor  of  Science  degree  in  Aero-Mechan¬ 
ical  Engineering.  Completing  Officer  Training  School  as  a 
Distinguished  Graduate  in  April  196?#  he  was  commissioned 
a  2nd  Lieutenant  in  the  Air  Force  Reserve  and  assigned  to 
the  Air  Force  Institute  of  Technology  for  Graduate  study  in 
Aerospace-Mechanical  Engineering. 


Permanent  address : 


This  thesis  was  typed  by 


56 


[Pll  Redacted] 


rare? 


Unclassified 


DOCUMENT  CG.iT;:CiL  DATA  •  R  &  D 

f.V«vnri,'t*  cfus  siti*  «*f  •  # #/•••  fo*ifr  «*f  ««  /  «i#n/  *  mi/  •#/•«»•  ioij  .f  !»«•  i  w/ii'fi  //it*  o k/'m/I  f  |,*i*.*j  ffiVv/) 


P  Oh'l^tNA  lINu  4X'  llVlh  Kiir/l(if)  V4,  l«l  l*OM  1  iLCUUlTY  CLA  !»!«l  IICA'IIOr. 

?Alr  Force  Institute  of  Technology  (AFIT-SE)  Unclassified 

tfright-Patterson  Air  Force  Base,  Ohio  45433  ">•  Gr<oup 


An  Experimental  Study  of  the  Effect  of  Inlet  Geometry  on  Flow 
and  Performance  of  a  Supersonic  Nozzle 


I*  ocsckiphvi:  note*  (Type  ot  report  mod  inclusive  dale*) 


I*  *  OCiCKiPI  IVE  Notes  (T)pe  ot  teport  end  i i 

AFIT  Thesis 

S  THOPI4I  (f'irttar.mc,  middle  tnltiel,  lemt 


Gerald  M#  Mulenburg 
First  Lieutenant  USAF 


6.  RtPORT  DATE 


28  February  1969 


M.  CONTRACT  OR  GRANT  NO. 


6.  PROJECT  NO 


7*.  TOTAL  NO.  OC  PAGES  Tt>.  NO.  Of  REPS 

56  6 


90.  ORIGINATOR'S  REPORT  NUMBER;*) 

GAM/ME/69-U 


9b.  OTHER  report  NQIS)  (Any  othe^number*  that  may  6*  me • lined 
thin  report) 


P °'^R.BUT,0N.TATEMEN^ig  document Ti  subject  to  special  export  controls  and 
ach  transmittal  to  foreign  governments  or  foreign  nationals  may  be  made 
with-,priofA?i?ErSS?1  She  Lean  of  Engineering#  Air  Force  Institute 
|of  Technology  (AFIT-SE)#  Vright-Patterson  Air  Force  Base#  Ohio  55433 


11.  SUPPLEMENTARY  NOTES 


I}.  SPONSORING  MILITARY  ACTIVITY 


11.  *P»Tfl*qTn 


TThis  study  is  an  experimental  evaluation  of  the  performance  of  12 
two-dimensional#  converging-diverging#  oold  flow#  supersonic  nozzles#  each 
with  the  same  throat  and  divergent  section.  The  relative  efficiency  of 
each  nozzle  was  evaluated  by  a  comparison  of  total  pressure  measurements 
ta&en  in  the  exit  plane,  schlieren  photographs  of  the  flow#  and  heat  trans- 
er  characteristics  using  moire*  patterns.  The  nozzle  with  the  highest 
fflciency  had  an  inlet  ,  ioh  was  an  ellipse  faired  to  a  45°mmp.  Its 
performance  was  closely  followed  by  that  of  a  nozzle  with  a  circular  aro 
inlet  having  a  radius  of  three  times  the  throat  height.  The  three  noz¬ 
zles  withthe  lowest  efficiencies  were  those  with  30  ,45°#  and  60°  linear 
ramp  inlets,  respectively.  The  results  of  this  study  indicate  that#  In 
nozzle  design,  a  region  of  immense  importance  is  the  curvature  Just  prior 
to  the  throat  and  how  this  curvature  is  Joined  to  the  throat  seotion.  (  \ 


Unclassified 


curltv  Classification 


\ 

flnola««lfl»d _ 

Seem**  • 


Security  Classification 


